We identified 77 EST clones encoding germin-like proteins (GLPs) from a moss, Physcomitrella patens in a database search. These Physcomitrella GLPs (PpGLPs) were separated into seven groups based on DNA sequence homology. Phylogenetic analysis showed that these groups were divided into two novel clades clearly distinguishable from higher plant germins and GLPs, named bryophyte subfamilies 1 and 2. PpGLPs belonging to bryophyte subfamilies 1 lacked two cysteines at the conserved positions observed in higher plant germins or GLPs. PpGLPs belonging to bryophyte subfamily 2 contained two cysteines as observed in higher plant germins and GLPs. In bryophyte subfamily 1, 12 amino acids, in which one of two cysteines is included, were deleted between boxes A and B. Further, we determined the genomic structure of all of seven PpGLP genes. The sequences of PpGLPs of bryophyte subfamily 1 contained one or two introns, whereas those of bryophyte subfamily 2 contained no introns. Other GLPs from bryophytes, a liverwort GLP from Marchantia polymorpha, and two moss GLPs from Barbula unguiculata and Ceratodon purpureus also fell into bryophyte subfamily 1 and bryophyte subfamily 2, respectively. No higher plant germins and GLPs were grouped into the bryophyte subfamilies 1 and 2 by our analysis. Moreover, we revealed that PpGLP6 had manganese-containing extracellular superoxide dismutase activity. These results indicated that bryophyte possess characteristic GLPs, which phylogenetically are clearly distinguishable from higher plant GLPs.
Introduction
Germin is a protein that was first isolated in association with wheat germination (Thompson and Lane, 1980) . This protein is localized to the cell wall and is a water-soluble glycoprotein with oxalate oxidase (OXO) activity that converts oxalate to hydrogen peroxide (Lane et al., 1993) . It forms an oligomer that is highly resistant to protease and heat treatment (Lane, 1994; Dunwell et al., 2000) . Proteins with sequence similarity to germins have been identified in various land plants and are designated germin-like proteins (GLPs). Germin and GLPs are composed of three highly conserved oligopeptides that are called germin boxes A, B, and C (Bernier and Berna, 2001 ). The region from boxes B to C, which is called the cupin domain, contains three histidines and a glutamate involved in metal binding and forms the core beta-barrel structure. Two cysteines that stabilize the N-terminal structure by forming a disulfide bond and an N-glycosylation site (NXS/ T) are conserved near box A and between box A and B, respectively. GLPs also have such biochemical properties of germin, although few of them have OXO activity.
Previously we isolated a GLP with manganesecontaining superoxide dismutase (Mn-SOD) activity from cultured cells of a moss, Barbula unguiculata, and named it BuGLP (Yamahara et al., 1999) . In addition to BuGLP, barley germin (Woo et al., 2000) and some GLPs such as tobacco Nectarin I (Carter and Thornburg, 2000; Segarra et al., 2003; Tabuchi et al., 2003) are reported to have SOD activity. It is interesting in terms of the physiological role of GLPs that both SOD and OXO generate hydrogen peroxide (H 2 O 2 ) and that germin and GLPs are located on the apoplast. We have examined the role of BuGLP showing that BuGLP mRNA is abundant during the logarithmic phase of growth, suggesting it participates in producing H 2 O 2 for cell propagation (Nakata et al., 2002) . This is supported by an analysis of the promoter activity of a pine GLP using tobacco BY-2 cell (Mathieu et al., 2003) . The importance of reactive oxygen species (ROS) for plant morphogenesis was also reported (Schopfer et al., 2002; Foreman et al., 2003) .
A large number of GLP genes have been discovered by expressed sequence tags (ESTs) or genomic sequencing in higher plants. The Arabidopsis thaliana genome contains 27 GLP genes (Carter et al., 1998; Carter and Thornburg, 1999) . In barley, at least 14 GLP genes have been identified and divided into five subfamilies according to their sequence similarity (Wu et al., 2000; Druka et al., 2002) . In rice, at least eight different GLP genes are expressed . In lower plants, three GLP genes have been found in bryophytes, two of which were isolated from mosses, B. unguiculata (Yamahara et al., 1999) and Ceratodon purpureus (Quatrano et al., 1999) , and one from a liverwort, Marchantia polymorpha (Nagai et al., 1999) . These findings indicate that GLPs are ubiquitously distributed among land plants and constitute a large and functionally diverse gene family.
Many proteins containing cupin motifs in their amino acid sequence, which belong to the cupin superfamily, have been isolated from bacteria, archaea, and eukaryotes (Dunwell et al., 2004) . Among the cupin superfamily, however, germin and the GLP family have been identified only in land plants. Although the physiological roles of germins and GLPs have not been clarified, they have stimulated interest in the evolution and diversification of their family, because all land plants appear to possess them. Bryophytes are believed to have been the first land plant group (Kenrick and Crane, 1997; Qiu and Palmer, 1999) . Thus, bryophytes are considered to occupy an important position in any discussion of the evolution and diversity of GLP families. So far, an extensive phylogenetic analysis of the GLP family in bryophytes has not been reported at all. Further, a moss, Physcomitrella patens subsp. patens has been the only land plant found to have a high rate of homologous recombination in its genomic DNA (Schaefer and Zry¨d, 1997; Schaefer and Zry¨d, 2001; Schaefer, 2002) . It has a relatively small genome and a relatively simple developmental pattern (Schaefer, 2002) . In addition, the main growth phase of P. patens is the haploid gametophyte, although that of higher plants is diploid sporophyte. Further, numerous EST clones have been deposited in public database (Rensing et al., 2002) . These greatly helpful features should make it possible not only to clarify the physiological role of each GLP protein using genetic manipulations but also to study the complex gene family of GLPs.
In this study, we performed a phylogenetic analysis of the GLP family of P. patens, proposing two novel clades designated bryophyte subfamilies 1 and 2, which are clearly distinguishable from the clades of higher plants (Carter and Thornburg, 2000) . One of the most remarkable features of bryophyte subfamily 1 is a lack two cysteines at conserved positions in all the germin and GLP reported. In addition, we identified PpGLP6 as having Mn-SOD activity.
Materials and methods

Culture conditions
Physcomitrella patens subsp. patens (Ashton and Cove, 1977) was cultured at 25°C under continuous light on BCDATG agar medium (Nishiyama et al., 2000) . For vegetative propagation, the plants were ground with a pestle and mortar in sterile water and soaked on the BCDATG agar medium overlaid with a layer of cellophane. For large-scale culture of P. patens, the plants were ground and soaked in 2 l of the BCDATG liquid medium. Air enriched with 1% carbon dioxide was supplied at 2 l per min providing the mixing force and the carbon source for growth.
Identification and classification of PpGLP genes
Sequence information on P. patens EST clones was obtained by searches of the P. patens EST database (PHYSCObase, http://moss.nibb.ac.jp/) (Nishiyama et al., 2003) and GenBank. Seven representative EST clones of each PpGLP group submitted in PHYSCObase (PpGLP1a, pphn4j19; PpGLP2, pphn38b21; PpGLP3a, pphb1d21; PpGLP4, pph28i20; PpGLP5, pphn12p01; PpGLP6, pph26d14; PpGLP7, pphb24g23) were kindly provided by Dr. Tomomichi Fujita and Dr. Mitsuyasu Hasebe (National Institute of Basic Biology, Okazaki, Japan). DNA sequencing was performed using a DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Biosciences) and with an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). The localization and cleavage site of protein sorting signals of PpGLP were predicted using TargetP (http://www.cbs.dtu.dk/ services/TargetP/).
Preparation of PpGLP-specific probes
The PpGLP-specific probes used for hybridization were labeled with digoxigenin (DIG) using a DIG DNA Labeling and Detection Kit (Roche diagnostics, Germany) by PCR. Template DNA fragments for DIG-labeling PCR were prepared by PCR using EST clones containing each PpGLP cDNA as template DNA and the PpGLP-specific primers shown in Table 1 . These primer sets were also used for DIG-labeling PCR.
Genomic Southern blot analysis
Genomic DNA was extracted from P. patens by the CTAB method (Murray and Thompson, 1980) . Ten micrograms of genomic DNA digested with EcoRI or HindIII was separated on a 1.0% agarose gel, and transferred onto nylon membrane (BIODYNE A, PALL) using 20 · SSC. Hybridization and detection were performed according to the manufacturer's instructions. The membrane was hybridized with a DIG-labeled PpGLP-specific DNA probe at 42°C and washed twice in 2 · SSC, 0.1% SDS for 5 min at room temperature and twice in 0.1 · SSC, 0.1% SDS for 15 min at 60°C. Hybridization signals were detected with Anti-DIG-AP conjugate and CDP-Star (Roche diagnostics).
Cloning of genomic sequences of PpGLP genes
The P. patens genomic library was provided by Dr. Stavros Bashiardes as part of The 'Physcomitrella EST Programme (PEP)' at the University of Leeds (UK) and Washington University in St. Louis (USA). Manipulation of the genomic library was conducted according to standard procedures (Sambrook and Russell, 2001) . Plaque hybridization and detection were conducted as described for Southern hybridization. Phage DNA from positive plaques was digested with appropriate restriction enzymes and subcloned into plasmid vectors.
For cloning of the PpGLP genomic sequences by PCR, primer sets shown in Table 1 were used. PCR products were cloned into pGEM-T easy vector (Promega, WI).
Phylogenetic analysis
The deduced amino acid sequences were aligned with other known GLPs using ClustalX with default settings (Thompson et al., 1997) . Phylogenetic analyses were conducted using MEGA version 2.1 (Kumar et al., 2001) . The trees were computed from aligned sequences using the neighbor-joining (NJ) method (Saitou and Nei, 1987) . The corresponding sequences of Physarum polycephalum spherulin (PpSPHE1a and PpSPHE1b) were included as outgroup. One thousand bootstrapped data sets were generated to estimate the statistical significance of the branching. The DDBJ/EMBL/GenBank accession numbers of the sequences analyzed in this study are. AlGLP, AB024338; AtGLP1, U75206; AtGLP2a, U75192; AtGLP2b, X91957; AtGLP3a, U75188; AtGLP3b, U75195; AtGLP4, U75187; AtGLP5, U75198; AtGLP6, U75194; At-GLP7, AF170550; AtGLP8, U75207; AtGLP9, Z97336; AtGLP10, AL138642; AtGLP11, AF058914; BnGLP, U21743; BuGLP, AB036797; CpGLP, AW098383; GhGLP1, AF116573; HvGER1, Y14203; HvGER3, AF250934; HvGER4, X93171; HvGLP1, Y15962; LeGLP, AB012138; McGLP, M93041; MpGLP, C95673; Nectarin I, AF132671; OsGLP1, AF141880; OsGLP2, AF141879; OsGLP4, AF032974; Os-GLP5, AF032975; OsGLP6, AF032976; OsGLP7, AF072694; OsGLP16, AF042489; PcGER1, AF039201; PnGLP, D45425; PpABP19, U79114; PpABP20, U81162; PpGLP1a, AB177347; PpGLP1b, AB177645; PpGLP1c, AW561602; PpGLP2, AB177348; PpGLP3a, AB177349; PpGLP3b, AB177646; PpGLP4, AB177350; PpGLP5, AB177351; PpGLP6, AB177352; PpGLP7, AB177353; PpSPHE1a, M18428; PpSPHE1b, M18429; PrGLP, AF049065; PsGER1, AJ250832; PvGLP1, AJ276491; SaGLP, X84786; StGLP, AF067731; TaGER2.8, M63223; TaGER3.8, M63224; TaGLP1, Y09915; TaGLP2a, AJ237942; TaGLP2b, AJ237943; TaGLP3, Y09917.
Since a probable frameshift was observed in the sequence data for MpGLP submitted to GenBank, a manual correction was made to obtain the most likely amino acid sequence as GLPs and the amino acid of the corrected position was expressed by X.
Purification of PpGLP with Mn-SOD activity
Cells of P. patens cultured in liquid medium for two weeks were washed using 20 mM Tris-HCl, pH 8.0, and ground with liquid nitrogen. An equal volume (w/v) of extraction buffer (20 mM TrisHCl, pH 8.0, 1 M NaCl) was added to the frozen powder and thawed on ice. The suspension was centrifuged at 2000 · g for 5 min at 4°C and the supernatant was recentrifuged at 12000 · g for 10 min at 4°C. The supernatant was placed in a 60°C water bath for 30 min, centrifuged at 136000 · g for 2 h at 4°C, and applied to a column (1 · 5 cm) of concanavalin A-agarose (Honen Co.) equilibrated with 20 mM Tris-HCl, pH 8.0. The column was washed with 15 ml of the buffer, and then the absorbed proteins were eluted with 50 ml of the buffer containing 0.5 M a-methyl-D D -glucoside. The eluted proteins were treated with trypsin (10 lg/ml) for 1 h at 37°C. To avoid excess digestion, PMSF (0.5 mM) was added to the trypsin-treated solution. The protein solution was concentrated with a Centriflo CF25 Membrane Cone (Amicon) and a Centricon YM-30 (MILLI-PORE).
Nondenaturing SDS-PAGE and SOD activity staining were performed as described by Nakata et al. (2002) . By treatment of the gels with potassium cyanide and hydrogen peroxide before SOD activity staining, the purified SOD was confirmed to be a Mn-containing enzyme as described by Kanematsu and Asada (1989) . For the analysis of the internal peptide sequence, the protein band corresponding to Mn-SOD was excised from the Coomassie brilliant blue (CBB)-stained gel and subjected to peptide mass fingerprinting.
Results
Identification of PpGLP genes from P. patens EST library
To identify P. patens GLP cDNA (PpGLP), we searched PHYSCObase that contains more than 50 000 EST clones. The EST library of PHYSCObase has been prepared from full-length enriched cDNA libraries from auxin-treated, cytokinin-treated, and untreated gametophytes of P. patens (Nishiyama et al., 2003) . The GenBank DNA database was also searched for the isolation of EST clones encoding PpGLP isolated from a cDNA library from abscisic acid-treated gametophytes. Table 2 shows 77 EST clones encoding PpGLP identified to date. From an alignment of the DNA sequences, they were organized into seven groups named PpGLP1, PpGLP2, PpGLP3, PpGLP4, PpGLP5, PpGLP6, and PpGLP7. PpGLP1 contained three closely related GLP sequences designated PpGLP1a, PpGLP1b, and PpGLP1c. PpGLP3 also contained two closely related GLP sequences, designated PpGLP3a and PpGLP3b. Figure 1 shows the number of EST clones included in each of four cDNA libraries. The cDNA library from untreated gametophytes contains 26 clones. Auxin and cytokinin-treated libraries contain 43 and 7 EST clones, respectively. The most frequently isolated clones of PpGLPs are PpGLP5 (21/77) and PpGLP4 (19/77), both of which account for about one forth of the total number of clones encoding PpGLP. In contrast, a clone 
encoding PpGLP6 is present only in the untreated library. The bias in the number of each PpGLP clones may reflect the abundance of the transcript. The EST clones encoding PpGLP5 are observed only in the auxin-treated library, and those encoding PpGLP7 are observed only in the cytokinin-treated library. This suggests that PpGLP5 and PpGLP7 are induced by auxin and cytokinin, respectively. This is consistent with reports that the expression of germin is induced by auxin treatment (Hurkman and Tanaka, 1996; Berna and Bernier, 1999) and that the transcription of the pine GLP gene introduced into tobacco cell is increased by the addition of auxin and cytokinin (Mathieu et al., 2003) .
Characterization of PpGLP
Representative EST clones of each of seven PpGLP groups except for PpGLPs 1b, 1c and 3b were completely sequenced. The length of PpGLP cDNAs ranged from 789 to 1399 base pairs (bp). All of these full-length cDNAs consisted of a 5¢-untranslated region, coding region, and 3¢-untranslated region, which ranged from 68 to 435, 612 to 675, and 82 to 379 bp in length, respectively. The deduced amino acid sequences of each PpGLP consisted of 203 to 224 amino acid residues. Figure 2 shows the sequence identity between each PpGLP, ranging from 32.1 to 80.6%. An analysis of PpGLP amino acid sequences using TargetP (Nielsen et al., 1997; Emanuelsson et al., 2000) revealed that there were putative extracellular targeting transit peptides composed of 18-29 amino acids (Figure 3) . The probability of an extracellular localization calculated by the analysis was more than 93% for every PpGLP except PpGLP4 (86%). All of the PpGLPs shared three highly conserved domains called germin boxes A, B, and C. Boxes B and C of all PpGLPs contained the three histidines and the glutamate residues involved in metal binding. This suggests the presence of a manganese ion in PpGLPs as described in other GLPs (Requena and Bornemann, 1999; Yamahara et al., 1999; Carter and Thornburg, 2000; Woo et al., 2000) The lengths of the entire amino acid sequences of PpGLPs were relatively flexible. The putative mature PpGLPs 2, 4, 5, and 7 were 182-186 amino acids long. We found that 12 amino acids were deleted between boxes A and B in these PpGLPs, and named them short PpGLPs (Figure 3) . On the other hand, the putative mature PpGLPs 1, 3, and 6 were 194-202 amino acids long, and we named them long PpGLPs. The sequence identity among short PpGLPs was more than 66.7% and among long PpGLPs ranged from 43.3 to 54.5% (Figure 2) . In higher plants, most known germins and GLPs have two conserved cysteines, which form a disulfide bond to stabilize its structure, one located in box A and the other between boxes A and B (Bernier and Berna, 2001; Woo et al., 2000) . In P. patens, however, the short PpGLPs, PpGLPs 2, 4, 5, and 7, contained no cysteines; the former cysteine residue is substituted with tyrosine or phenylalanine and the latter situates in the deleted region. Further, PpGLPs 2 and 7 contained a single and unpaired cysteine located at an unfixed position. This is partly consistent with a report that some GLPs of Arabidopsis thaliana (AtGLP) contain a single cysteine in addition to paired-cysteines (Carter et al., 1998) .
Possible N-glycosylation sites are also found in most germins and GLPs at a fixed position between boxes A and B (Bernier and Berna, 2001 ). Although PpGLPs 3, 4, 6, and 7 had a single putative N-glycosylation site as found in GLPs from higher plants, these sites were located at unfixed positions; for PpGLP3a and 3b near the middle of the protein (N138), PpGLP4 in germin box A (N33), PpGLP6 near the C-terminus (N190), and PpGLP7 near germin box A (N40).
An additional important feature observed in more than half of all GLPs reported is the presence of RGD-like tripeptides, which interact with cell adhesion proteins and integrins in animals (Ruoslahti and Pierschbacher, 1987) . The discovery of RGD tripeptides in GLPs has led to the suggestion that the proteins participate in interaction with other extracellular proteins as receptors (Swart et al., 1994) . PpGLPs 1, 6 and 7 also had a putative RGD-like tripeptide and PpGLP6 had two RGD-like tripeptides.
Phylogenetic analysis of PpGLP
To examine phylogenetic relationships among germins and GLPs, Thornburg (1999, 2000) used the whole protein sequences of germins and GLPs as queries and identified five separate clades, whereas some groups (Khuri et al., 2001; Kim and Triplett, 2004) used the protein sequence of the cupin domain, which consists of germin boxes B and C, and an inter box region, and identified three more functionally integrated clades. In the present study, both sequences were used for phylogenetic analyses of PpGLPs and other GLPs and two dendrograms were generated ( Figures 4A and 4B ). The plant germins and GLPs used in this study include 26 dicotyledonous sequences (from A. thaliana and other plant), 17 monocotyledonous sequences (from wheat, barley, Figure 4 . Phylogenetic tree of plant GLP proteins. The tree was computed from the aligned whole amino acid sequences (A) and cupin domain (B) using the NJ method. Local bootstrap probabilities of more than 50% are shown above or near the branch. The names of each subfamily are from Carter and Thornburg (2000) . Enzymatic activities of GLPs previously reported are shown in parentheses. PpGLPs are shown in bold. Two novel clades containing PpGLPs are underlined. and rice), 2 gymnosperm sequences (from pines), and 13 bryophyte sequences including 10 sequences from P. patens, one each from the mosses B. unguiculata and C. purpureus, and one from a liverwort, M. polymorpha. In addition, two fungal spherulins (Bernier et al., 1987) were used as outgroup. Figure 4A shows a dendrogram obtained using whole amino acids sequences. As reported by Carter and Thornburg (2000) , the tree showed that germins and GLPs from higher plants were classified into five clades, called the true germin subfamily, gymnosperm subfamily, and GLP subfamilies 1, 2, and 3. For example; wheat and barley germin with OXO activity and some GLPs are included in the true germin subfamily; AlGLP and Nectarin I, both of which have Mn-SOD activity (Carter and Thornburg, 2000; Tabuchi et al., 2003) , are classified into subfamily 1 and 2, respectively; peach auxin-binding proteins and HvGLP1 that have ADP-glucose pyrophosphatase/phosphodiesterase (AGPPase) activity (Rodrı´guez-Lo´pez et al., 2001) belong to subfamily 3; two pine GLPs and an Arabidopsis GLP (AtGLP7) were included in the gymnosperm subfamily. In addition to the five phylogenetic clades, two novel clades were generated by our analysis of nine PpGLP sequences. All of the P. patens GLP sequences fell into two novel clades. They were designated bryophyte subfamilies 1 and 2, consisting of PpGLPs 2, 4, 5, and 7, and PpGLPs 1a, 1b, 3a, 3b, and 6, respectively. As to other GLPs from bryophytes, BuGLP isolated from the moss B. unguiculata as a protein with extracellular Mn-SOD activity (Yamahara et al., 1999) was classified into bryophyte subfamily 2 and MpGLP isolated from the liverwort M. polymorpha (Nagai et al., 1999) was included in bryophyte subfamily 1. Interestingly, the two novel bryophyte subfamilies contained no GLPs from higher plants. Figure 4B shows the dendrogram obtained using the amino acid sequence of the cupin domain. In this analysis, PpGLP1c from P. patens and CpGLP from a moss, C. purpureus, were included, since only the sequences of cupin domains have been submitted to the database. Figure 4B shows that the resulting phylogenetic tree has a similar topology to that shown in Figure 4A . GLPs from higher plants formed five clades described above and bryophyte GLPs also formed two novel clades, bryophyte subfamilies 1 and 2. Long PpGLPs and other moss GLPs fell into bryophyte subfamily 2, and short PpGLPs and a liverwort GLP fell into bryophyte subfamily 1. These results enhanced the reliability of the trees shown in Figure 4A and attested that all of the bryophyte GLPs studied are separated into two novel bryophyte subfamilies. Khuri et al. (2001) suggested that the dendrogram obtained using the cupin domain gives a more complete picture of the functional relationships among GLPs. Our result, however, showed that BuGLP, AlGLP and Nectarin I which have SOD activity were separated into different clades, bryophyte subfamily 2, subfamily 1, and subfamily 2, respectively, suggesting that the phylogenetic tree obtained using the cupin domain does not reflect biochemical properties of germins and GLPs.
Our phylogenetic analysis was carried out by the NJ method, whereas Khuri et al. (2001) performed the analysis using the maximum-parsimony (MP) method. Then, using the MP method we also generated phylogenetic trees based on the whole amino acid sequences and the cupin domain sequences. The trees obtained by the MP method were fundamentally the same as those generated using the NJ method (data not shown).
Genomic Southern blot analysis of PpGLPs
To understand the copy number of each PpGLP gene, a genomic Southern blot analysis was performed ( Figure 5 ). Since the amino acid sequences of the cupin domain of PpGLPs and their nucleotide sequences are very similar to each other, probes containing entire PpGLP coding sequences were thought to possibly cross-hybridize to other PpGLP genes. To avoid such a cross-hybridization and generating incorrect signals, we designed PpGLP gene-specific probes using nucleotide sequences between germin boxes A and B except for the probes for PpGLPs 1 and 3. PpGLP1 probe was designed using the N-terminus region of PpGLP1a and PpGLP3 probe using the 3¢-untranslated region of PpGLP3a. To confirm the specificity of the PpGLP probes, each probe was hybridized with plasmid DNA containing each of the PpGLP cDNA. No hybridization occurred with other PpGLP cDNAs (data not shown). However, the probe for PpGLP1 and for PpGLP3 detected the related genomic sequences of PpGLPs 1b and 1c, and PpGLP3b, respectively (data not shown).
EcoRI and HindIII were used as the restriction enzymes for digestion of genomic DNA, since these enzymes do not digest DNA sequences of the PpGLP probes. The PpGLP 2, 4, 5, 6, and 7 probes detected only one signal in each lane, indicating that their genes exist as a single copy in the genome. On the other hand, the PpGLP 1 and 3 probes detected two to four signals, indicating that there are more than two genes similar to PpGLP1 and PpGLP3 in the genome. This result was consistent with the existence of PpGLP 1b and 1c, and 3b cDNAs, respectively, obtained from the database search (Table 2, Figure 1 ).
Cloning of genomic PpGLP genes
The genomic structure of the PpGLP genes was determined. Genomic PpGLP genes were first isolated by screening a P. patens genomic library and phage clones containing PpGLP 1a, 1b, 3b, and 6 genes were identified. Clone number g102 hybridized with the PpGLP1-specific probe and showed two strong signals. The sequence of the double-digested (SpeI and SphI) fragment (5 kbp) contained two ORFs of the GLP gene. One was identical to PpGLP1a cDNA and the other identical to PpGLP1b cDNA (Figure 6 ). The amino acid identity between PpGLP1a and PpGLP1b was 97.2%. The length of the intergenic region between the two ORFs was only 1004 bp. Similar tandem-repeated GLP genes were identified by a physical and genetic mapping of barley GLPs that contain a GLP gene-rich region encoding nine GLP genes (Druka et al., 2002) . Clone number g81 hybridized with the PpGLP3-specific probe. The SpeI fragment (2.5 kbp) of g81 was subcloned and the sequence contained an ORF identical to PpGLP3b cDNA. The identity of the deduced amino acid sequence between PpGLP3b and PpGLP3a was 97.7%. Clone number g114 hybridized with the PpGLP6-specific probe. The double-digested (HindIII and SalI) fragment (2.9 kbp) of g114 was subcloned and the contained an ORF identical to PpGLP6 cDNA. Genomic DNA sequences of PpGLPs 1a, 1b, 3a, and 6 were identical to its cDNA, indicating that no introns exist in their genes.
Although the isolation of other PpGLP clones from the library was unsuccessful, we successfully isolated other genes, PpGLP 2, 3a, 4, 5, and 7, by genomic PCR. The genomic sequence of PpGLP3a was identical to its cDNA. The genomic sequences of PpGLP 2, 4, and 5 showed the existence of a single intron, the length of which was from 245 to 544 bp. In contrast, PpGLP7 contained two introns, the lengths of which were 153 and 209 bp ( Figure 6 ). All of these introns were located about 10-20 bp upstream from the first methionine codon. Although this observation was consistent with the report that most of the GLP genes contained a single intron at a conserved position in higher plants (Bernier and Berna, 2001) , the positions of introns in the short PpGLPs are different from those of higher plant GLPs in which an intron interrupts the coding region of the GLPs near the N-terminus of its mature protein. Interestingly, all of the PpGLP genes containing introns were short types (PpGLP 2, 4, 5, and 7) falling into bryophyte subfamily 1, and the others were long types (PpGLP 1a, 1b, 3a, 3b, and 6) falling into bryophyte subfamily 2 (Figure 4) .
Identification of PpGLP with Mn-SOD activity
Previously we isolated a protein with extracellular Mn-SOD activity from a moss, B. unguiculata, and identified it as a member of the GLP family (BuGLP) (Yamahara et al., 1999) . When the crude extract of whole cells of P. patens was subjected to nondenaturing SDS-PAGE followed by SOD activity staining, a protein with an apparent molecular mass of about 130 kDa was observed to have Mn-SOD activity (data not shown). Since in molecular mass it was similar to BuGLP (Yamahara et al., 1999) and the protein was extracted from intact cells into buffer containing 1 M NaCl in a similar manner as BuGLP (Nakata et al., 2002) , the protein was thought to be a PpGLP. Then, the Mn-SOD was purified with reference to the biochemical properties of GLPs such as heat stability (Carter and Thornburg, 2000; Nakata et al., 2002) , existence of glycan (Yamahara et al., 1999; Woo et al., 2000) , and tolerance to serine protease (Lane, 1994; Membreé t al., 2000; Segarra et al., 2003) as described in Materials and methods. The purified protein was separated by nondenaturing SDS-PAGE followed by CBB staining and SOD activity staining ( Figure 7) . One protein band with a molecular mass of about 130 kDa was observed to have Mn-SOD activity. Internal peptide sequence analysis revealed that it contained two peptide sequences, FVTQL and NGFRTDQATVQIR, indicating that the protein was PpGLP6. PpGLP6 was closely related to BuGLP phylogenetically and fell into bryophyte subfamily 2 (Figure 4) .
Discussion
Previous phylogenetic studies on the GLP gene family have focused mainly on higher plant GLPs.
Only one or two bryophyte GLP sequences were included in their analyses and bryophyte GLPs were grouped into the subfamilies of some higher plant GLPs (Neutelings et al., 1998; Carter and Thornburg, 2000; Khuri et al., 2001; Kim and Triplett, 2004) . The data reported here provide the first phylogenetic characterization of GLPs of a moss, P. patens, and indicate that bryophytes, which are thought to be the most primitive land plants, have GLP gene families considerably different from those of higher plants. Analyses based on either whole amino acid sequences or the cupin domains indicated that PpGLPs were integrated into two novel clades, bryophyte subfamilies 1 and 2, which had not been identified during the studies of higher plant GLPs. In addition, other bryophyte GLPs such as those from mosses, B. unguiculata and C. purpureus, and a liverwort, M. polymorpha, were also grouped into the bryophyte clades. In contrast, 13 of Arabidopsis GLPs (AtGLPs) analyzed in this study revealed that AtGLPs were grouped into five clades other than bryophyte subfamilies 1 and 2. Gymnosperm GLPs, however, fell into only one of the five clades, and the gymnosperm subfamily also contained one AtGLP. These results suggested that bryophyte GLPs are divided into two peculiar subfamilies, which are clearly distinguished from those of higher plants.
The most significant feature of bryophyte GLPs is the existence of short GLPs (bryophyte subfamily 1) which have a deletion of 12 amino acids between germin boxes A and B and lack two cysteine residues at the conserved positions observed in all GLPs from higher plants (Figure 3) . It has been clarified by crystallographic analysis of barley germin that these two cysteines stabilize the N-terminal extension (Woo et al., 2000) . Therefore, these short PpGLPs might be susceptible to heat and protease treatment. It is interesting that the short PpGLPs were clearly distinguishable from the long PpGLPs in the phylogenetic analysis using even the cupin domain, although the amino acid sequence of the cupin domain was not relevant to the length of the entire amino acid sequence of PpGLP. Moreover, from the viewpoint of the existence of introns in the genomic structure, PpGLP genes were divided into short and long PpGLPs; the short ones (bryophyte subfamily 1) have introns and the long ones (bryophyte subfamily 2) have no introns (Figure 6 ). In summary, the most characteristic features of bryophyte GLPs are that they can be clearly distinguished by the absence or presence of two cysteines, short or long GLPs, and presence or absence of introns.
Based on a search of the EST database and genomic Southern blot analysis, the total number of PpGLP genes in the genome of P. patens was assumed to be about 13 ( Figure 5 ). In A. thaliana, 30 GLP sequences are used for the phylogenetic analysis (Carter and Thornburg, 2000) , and the total number of GLP genes is estimated at around 40 (Bernier and Berna, 2001 ). The genome sizes of A. thaliana and P. patens are 125 and 511 Mbp, respectively (Reski and Cove, 2004) . Thus, numbers of GLP genes are not in proportion to genome size. In our analysis AtGLPs were widely distributed among all of five subfamilies of higher plant GLPs. This suggests that the GLP gene family diversified in higher plants during evolution.
In higher plants, GLPs are expressed in all parts of the plant and at all developmental stages. In mosses, plant hormones are also involved in the determination of morphogenesis (Reski, 1998) . For example, in P. patens, auxins promote caulonema and rhizoid formation, and cytokinins induce bud formation (Ashton et al., 1979; Schumaker and Dietrich, 1998) . The number of EST clones encoding PpGLPs 2 and 5 is clearly increased in cDNA libraries treated with auxin, while PpGLP7 is induced by cytokinin (Figure 1) . To confirm the plant hormone responses, RT-PCR was performed. The expression of PpGLP5 was induced by auxin and PpGLP7 was up-regulated by cytokinin (Nakata et al., unpublished result) . Moreover, peach auxin-binding proteins are reported to be members of the GLP family (Ohmiya et al., 1998) and the crystal structure of maize auxin-binding protein 1, which belongs to the cupin superfamily, resembles the dimer form of germin (Woo et al., 2002) . These findings suggest that the transcription of some PpGLP genes is regulated by plant hormone and that these PpGLPs are involved in plant hormone-induced reactions.
GLPs usually are localized to the cell wall, which plays important roles in the determination of shapes of cells (Bernier and Berna, 2001; Cosgrove, 2000) . Both OXO and SOD found in the GLP family generate H 2 O 2 , a ROS which functions to cross-link cell wall components. Wheat germin restricts germinative growth via the local supply of H 2 O 2 for cross-linking of cell wall components (Caliskan and Cuming, 1998) and its OXO activity generating H 2 O 2 is reported not to be involved in the efficiency of penetration of a fungus Blumeria graminis f. sp. tritici into plants and rather to play a role as a structural protein (Schweizer et al., 1999) . On the other hand, ROS generated on the cell wall is required in the extension growth of maize seedlings induced by auxin (Schopfer et al., 2002) , and root and root hair growth of A. thaliana (Foreman et al., 2003) . Since reconstruction of the cell wall is an important event in plant morphogenesis regulated by plant hormones, some GLPs may play essential roles in plant morphogenesis.
Among bryophytes, liverworts are considered to be more primitive land plants than mosses (Qiu et al., 1998; Nickrent et al., 2000) . MpGLP from the liverwort M. polymorpha contained no cysteines at conserved positions and belongs to bryophyte subfamily 1. This may suggest that short PpGLPs and MpGLP in bryophyte subfamily 1 have the biochemical features of GLPs acquired by ancestral land plants. The number of EST clones of short PpGLPs from auxin and cytokinin-treated gametophores is 37/43 and 7/7, respectively, and that from non-treated gametophores is 14/26. These values indicate that the short PpGLP genes are expressed at a higher rate than the long PpGLP genes, especially when they are grown on plant hormone-containing medium. It might be speculated that the ancestor of land plants such as the liverworts acquired GLPs resembling short PpGLPs and that long PpGLP-type GLPs arose during the process of evolution and diversification of land plants.
